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Summary
Localization of bicoidmRNA to the anterior of the Dro-
sophila oocyte is essential to produce the Bicoid pro-
tein gradient that patterns the anterior-posterior axis
of the embryo. Previous studies have characterized
a microtubule-dependent pathway for bicoid mRNA
localization during midoogenesis, when bicoid first
accumulates at the anterior. We show that the majority
of bicoid is actually localized later in oogenesis, when
the only known mechanism for mRNA localization is
based on passive trapping. Through live imaging of
fluorescently tagged endogenous bicoid mRNA, we
identify a temporally distinct pathway for bicoid locali-
zation in lateoocytes thatutilizesaspecializedsubpop-
ulation of anterior microtubules and dynein. The direc-
tional movement of bicoid RNA particles within the
oocyte observed here is consistent with dynein-medi-
ated transport. Furthermore, our results indicate that
association of bicoid with the anterior oocyte cortex
is dynamic and support a model for maintenance of
bicoid localization by continual active transport on
microtubules.
Introduction
mRNA localization provides an important mechanism
for the spatial regulation of gene expression by targeting
the synthesis of cytoplasmic proteins to specific subcel-
lular domains. Polarized cellular functions such as motil-
ity in fibroblasts and synaptic plasticity in dendrites,
asymmetric division of budding yeast, and embryonic
axis formation in Xenopus and Drosophila all require
localized mRNAs (Kloc and Etkin, 2005; St Johnston,
2005). Axial polarity of the Drosophila embryo is estab-
lished through the localization of maternal determinant
mRNAs during oogenesis. Localization of gurken mRNA
to a position on the future anterodorsal side of the oo-
cyte breaks the radial symmetry of the oocyte, estab-
lishing dorsal-ventral polarity (Neuman-Silberberg and
Schu¨pbach, 1993). Localization of oskar (osk) to the
posterior of the oocyte initiates the assembly of the
germ plasm, which, in turn, is essential for the posterior
localization of nanos (nos) mRNA (Ephrussi et al., 1991;
Kim-Ha et al., 1991). Localization of bicoid (bcd) mRNA
to the oocyte anterior, together with posterior localiza-
tion of nos, endows the developing embryo with sources
for opposing gradients of Bcd and Nos proteins that pat-
tern the anterior-posterior body axis (Berleth et al., 1988;
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mRNA localization is generally thought to proceed in
two phases: transport and anchoring. In the transport
phase, mRNAs that have been packaged into ribo-
nucleoprotein (RNP) complexes travel to their destina-
tions, with the particular set of proteins in the RNP
complex conferring specificity on the transport process.
Upon arrival at their target sites, these RNP complexes
presumably become anchored to the cytoarchitecture.
Studies of localized mRNAs in a variety of organisms
suggest that the majority of mRNAs are transported on
cytoskeletal frameworks by motor proteins, although
the specific cytoskeletal requirements differ depending
on cell type (reviewed by Kloc and Etkin [2005]; Lopez
de Heredia and Jansen [2004]; and St Johnston
[2005]). Analysis of ASH1 mRNA localization in yeast
has provided the best evidence for transport on actin fil-
aments by myosin motors. By contrast, microtubule-
based transport appears to be the prevailing mode in
Drosophila and Xenopus oocytes and embryos as well
as in mammalian neurons and oligodendrocytes. Mech-
anisms for anchoring or retention of mRNAs at their des-
tinations are less well characterized. Actin and actin
binding proteins have been implicated in the retention
of mRNAs whose transport is actin dependent, including
ASH1 and chicken fibroblast b-actin mRNAs, and for
cortical anchoring of mRNAs like osk and Xenopus
Vg1, whose transport depends on microtubules and
kinesin (reviewed by Lopez de Heredia and Jansen
[2004] and St Johnston [2005]). In contrast, dynein has
been implicated in static anchoring of its own mRNA
cargo (Delanoue and Davis, 2005).
bcd mRNA has provided a longstanding model for the
investigation of microtubule-dependent mRNA localiza-
tion. Synthesized in the ovarian nurse cells, bcd mRNA
enters the oocyte through cytoplasmic bridges that con-
nect the nurse cells to the oocyte at its anterior end. Ac-
cumulation at the anterior margin of the oocyte begins
during midoogenesis (stages 8–10 of 14 morphologically
defined stages) (Berleth et al., 1988), when the microtu-
bule cytoskeleton is thought to be oriented with microtu-
bule minus ends concentrated at the anterior and lateral
oocyte cortex and plus ends directed toward the poste-
rior (Clark et al., 1994; Januschke et al., 2006; Theurkauf
et al., 1992). Injection experiments with fluorescently
labeled bcd transcripts indicate that formation of a com-
plex containing bcd mRNA and Exuperentia (Exu) pro-
tein in the nurse cells is required to target bcd specifi-
cally to microtubules nucleated at the anterior cortex
of the stage 8 to stage 10 oocyte (Cha et al., 2001).
Both pharmacological ablation of the microtubule cyto-
skeleton and inactivation of the dynein/dynactin com-
plex disrupt bcd localization at these stages, suggesting
that bcd is transported along these microtubules by dy-
nein (Duncan and Warrior, 2002; Januschke et al., 2002;
Pokrywka and Stephenson, 1991). Furthermore, micro-
tubule disruption experiments indicate that microtu-
bules play an additional role in retention of bcd mRNA
at the anterior cortex, although the mechanism of this
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son, 1991).
Analysis of the bcd localization pathway has focused
primarily on events occurring during midoogenesis.
However, it is likely that additional bcd mRNA enters
the oocyte after stage 10, when the nurse cells initiate
apoptosis and extrude or ‘‘dump’’ their contents into
the oocyte. Using a strategy for in vivo imaging of bcd
mRNA described below, we find that, in fact, the major-
ity of bcd enters the oocyte and is localized during this
later period of oogenesis. A late phase of bcd localiza-
tion is indeed consistent with the behavior of particular
exu mutants, in which bcd localization is disrupted dur-
ing midoogenesis but partially recovers at later stages
(Riechmann and Ephrussi, 2004). However, the mecha-
nism responsible for the late phase of bcd localization
is unclear, since polarization of the oocyte microtubule
cytoskeleton is lost around the time of nurse cell dump-
ing, when microtubules reorganize to form parallel ar-
rays beneath the oocyte cortex (Theurkauf et al., 1992).
These subcortical microtubules drive the movements
of the oocyte cytoplasm (ooplasmic streaming) that
mix the incoming nurse cell contents with the ooplasm
(Gutzeit, 1986). Our previous analysis of nos mRNA,
whose localization occurs after nurse cell dumping, re-
vealed that translocation of nos mRNA from the nurse
cells to the posterior of the oocyte occurs by a diffusion-
based mechanism, rather than by microtubule-depen-
dent transport (Forrest and Gavis, 2003). Ooplasmic
streaming increases access of nos to the germ plasm
at the posterior pole, where it becomes entrapped and
anchored to the actin cytoskeleton (Forrest and Gavis,
2003). Posterior localization of osk transcripts injected
into late-stage oocytes occurs similarly (Glotzer et al.,
1997), suggesting that diffusion/trapping may be a gen-
eral mechanism for localization of mRNAs in late-stage
oocytes that lack a polarized cytoskeleton.
Analysis of the g-tubulin ring complex components, g-
Tubulin37C (g-Tub37C) and g-tubulin ring complex pro-
tein 75 (Dgrip-75), suggests that microtubules could
play a more direct role in bcd localization in late-stage
oocytes. g-Tub37C and Dgrip-75 are enriched at the an-
terior margin of the oocyte, and mutations in g-Tub37C
and Dgrip-75 cause loss of bcd from the anterior cortex
during or after stage 10 without affecting ooplasmic
streaming (Schnorrer et al., 2002). These results suggest
thatbcd is maintained at the anterior cortex of late-stage
oocytes by a subpopulation of microtubules nucleated
from an anterior microtubule organizing center (MTOC).
Direct evidence for such microtubules and a potential
role in localization of bcd during and after nurse cell
dumping have been lacking, however. Also unclear is
the role of Staufen (Stau), a double-stranded RNA bind-
ing protein that is thought to participate in anchoring of
bcd at the anterior cortex during egg activation and me-
diates association of bcd with astral microtubules in an
embryo injection assay (Ferrandon et al., 1994; St John-
ston et al., 1989).
We have now investigated bcd localization in late-
stage oocytes through live imaging ofbcdmRNA labeled
in vivo with either GFP or RFP. This noninvasive method,
previously used for analysis of nos mRNA localization
(Forrest and Gavis, 2003), is advantageous both because
it permits analysis of RNA synthesized endogenouslyunder physiological conditions and because it facilitates
visualization of RNA in late-stage oocytes, which are
largely inaccessible to molecular probes. Our results
reveal a distinct Stau-dependent pathway for localization
ofbcdmRNA that enters the oocyte after stage 10. Local-
ization of particles containing bcd and Stau requires
a discrete population of microtubules anchored at the
anterior cortex by the actin cytoskeleton. For the first
time, to our knowledge, we observe anteriorly directed
movement of bcd RNA particles within the oocyte that is
consistent with microtubule-dependent transport. We
provide evidence that maintenance of bcd at the anterior
cortex requires continual active transport by dynein.
Results
Fluorescent Labeling of bcd mRNA In Vivo
To visualize bcd mRNA in living oocytes, we have fol-
lowed the strategy used previously to generate GFP-
labeled nos mRNA (Forrest and Gavis, 2003). In this
scheme, a bcd-(ms2)6 transgene bearing six stem-loop
binding sites for bacteriophage MS2 coat protein is
coexpressed with the hsp83-MCP-GFP transgene,
which produces a MS2 coat protein-GFP fusion (MCP-
GFP) (Forrest and Gavis, 2003). Binding of MCP-GFP to
its cognate stem-loops labels bcd-(ms2)6 mRNA with
GFP. Moreover, by generating a hsp83-MCP-RFP trans-
gene, we have expanded the capacity of the system to
allow simultaneous detection of mRNA labeled with
RFP and GFP fusion proteins. Thebcd-(ms2)6 transgene,
alone or in combination with hsp83-MCP-GFP/RFP,
completely rescues thebcdmutant phenotype. In our ini-
tial characterization (this section) as well as in pharmaco-
logical disruption experiments (see below), RFP- and
GFP-labeled bcd mRNA behaved identically. For tech-
nical reasons (see Experimental Procedures), we have
used GFP-labeled bcd mRNA (designated as bcd*GFP)
for analysis of mutants that affectbcdmRNA localization
and RFP-labeled bcd mRNA (designated as bcd*RFP)
for colocalization studies.
The distributions of bcd*GFP and bcd*RFP were visu-
alized in live egg chambers by laser scanning confocal
microscopy. Through stage 10 of oogenesis, the Dro-
sophila oocyte develops within an egg chamber, where
it is connected to 15 germline nurse cells and is sur-
rounded by a somatic follicular epithelium (Spradling,
1993). During midoogenesis (stages 5–10a), bcd*GFP
and bcd*RFP become localized to the anterior margin
of the oocyte. Recapitulating the distribution of native
bcd mRNA previously revealed by in situ hybridization,
fluorescent bcd mRNA is localized first in a ring around
the anterior margin of the oocyte (Figures 1A and 1D;
best seen in projection, Movie S1; see the Supplemental
Data available with this article online) and then shifts to
a disc-like pattern at the oocyte anterior during stage
10 (Figures 1B and 1E). Fluorescence from MCP-GFP
or MCP-RFP is never detected at the anterior in the
absence of the bcd-(ms2)6 transgene (Figures 1G–1I
and data not shown). At the end of stage 10 (stage 10b),
the oocyte initiates microtubule-dependent ooplasmic
streaming that continues through stage 12. Immediately
after the onset of ooplasmic streaming, the nurse cells
undergo an actin-dependent contraction (nurse cell
dumping) that transfers their cytoplasm rapidly into the
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ing late stages of oogenesis (stages 11–14), bcd*GFP
and bcd*RFP appear to increase substantially at the
oocyte anterior (Figures 1C and 1F).
A Late Phase of bcd Localization that Initiates
with Nurse Cell Dumping
The apparent increase in bcd mRNA at the anterior of
the oocyte after stage 10 suggests that additional bcd
enters the oocyte during nurse cell dumping and is sub-
sequently localized. Consistent with such a late phase
of bcd localization, time-lapse confocal imaging of
bcd*GFP and bcd*RFP from stage 10 (predumping) to
stage 13 (postdumping) shows dramatic accumulation
of bcd at the anterior as the nurse cells empty their con-
tents into the oocyte (Movies S2 and S3). Fluorescence
intensity measurements indicate that the amount of
bcd at the anterior cortex increases at least 10-fold be-
tween stage 10b, when nurse cell cytoplasm first enters
the oocyte, and stage 13, when dumping and streaming
have ceased. Northern blot analysis confirms that this
increase is not due to preferential stabilization of fluores-
cent bcd mRNA at late stages of oogenesis (Figure S1).
The ability to selectively disrupt nurse cell dumping
with low doses of latrunculin A (latA) (Forrest and Gavis,
2003) enabled us to test whether dumping is required
for accumulation of bcd at the anterior cortex in late-
stage oocytes. Egg chambers expressing bcd*RFP
were dissected at stage 10b, cultured in medium con-
taining latA, and monitored by time-lapse imaging.
Although localization of bcd*RFP is initiated normally,
Figure 1. Distribution of Fluorescent bcd mRNA in Live Oocytes
(A–C) Egg chambers expressingbcd-(ms2)6mRNA (arrows) and MCP-
GFP. Nurse cells (nc), follicle cells (fc), and oocytes (oo) are indicated.
(D–F) Egg chambers at equivalent stages expressing bcd-(ms2)6
mRNA (arrows) and MCP-RFP. MCP-GFP/RFP is expressed from
the hsp83 promoter in both nurse cells and follicle cells, whereas
bcd-(ms2)6 mRNA is expressed only in the nurse cells. MCP-GFP/
RFP present in excess of bcd-(ms2)6 mRNA enters the nurse and
follicle cell nuclei.
(G–I) Control egg chambers expressing MCP-RFP alone do not
show RFP fluorescence at the anterior cortex (open arrowheads,
compare [D]–[F] with [G]–[I], respectively).the RNA ceases to accumulate at the anterior cortex of
the oocyte after nurse cell dumping arrests (Figures 2A
and 2B). By contrast, bcd*RFP continues to accumulate
at the anterior cortex in mock-treated egg chambers
during an equivalent time period (Figures 2C and 2D).
Neither ooplasmic streaming nor the oocyte cortical ac-
tin filaments are disrupted in the latA-treated egg cham-
bers (data not shown; Forrest and Gavis, 2003). More-
over, latA treatment of oocytes at stage 12 does not
disrupt localization of bcd*RFP that has already accu-
mulated at the anterior (Figures 2E and 2F). Together,
these results provide direct evidence for a distinct late
phase of bcd localization that initiates with and requires
nurse cell dumping. Moreover, they show that the major-
ity of bcd mRNA present at the anterior of the embryo
becomes localized during this phase.
Stau Protein Colocalizes with bcd mRNA and Is
Required for Late Phase bcd mRNA Localization
Genetic analysis has suggested that stau acts during
the transition from oogenesis to embryogenesis, when
Figure 2. Nurse Cell Dumping Is Required for Localization of bcd
mRNA in Late-Stage Oocytes
(A and B) Time-lapse imaging of an egg chamber expressing
bcd*RFP dissected at early stage 11 and cultured in medium con-
taining 0.5 mM latA (added at t = 00). Nurse cell dumping has initiated
and persists for w20 min after latA addition, during which time
a small amount of bcd*RFP (arrows) accumulates at the anterior cor-
tex (compare [A] and [B]). After dumping arrests, no additional bcd
mRNA becomes localized. Ooplasmic streaming occurs normally
in this oocyte.
(C and D) Control, mock-treated, stage 10b egg chamber showing
accumulation of bcd*RFP at the anterior cortex (arrows) as nurse
cell dumping ensues.
(E and F) Egg chamber expressing bcd*RFP dissected at stage 12,
and cultured in medium containing 0.5 mM latA.
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dorsal-anterior distribution (St Johnston et al., 1989).
Analysis of ovaries from females carrying a GFP-Stau
transgene indicates, however, that Stau accumulates
at the anterior of the oocyte much earlier, beginning at
the time of nurse cell dumping (stage 10b) (Martin et al.,
2003). Time-lapse imaging confirms that GFP-Stau accu-
mulates at the anterior margin upon nurse cell dumping
in a similar manner to bcd mRNA (Movie S3).
To determine whether Stau associates withbcdduring
this period, we examined ovaries expressing both
bcd*RFP and GFP-Stau. From stage 10b onward, GFP-
Stau andbcd*RFP colocalize at the anterior of the oocyte
in a particulate distribution (Figures 3A–3D). The forma-
tion of bcd/Stau complexes that correlates with bcd lo-
calization suggests a role for Stau in late phasebcd local-
ization. To determine when Stau protein is required for
bcd localization, the hsp83-MCP-GFP and bcd-(ms2)6
transgenes were introduced into females mutant for
stau. In the absence stau function, localization of
bcd*GFP to the anterior cortex occurs normally until
stage 10 (Figures 3E and 3H). Beginning at stage 10b,
however, localization is disrupted. bcd*GFP cannot be
detected at the anterior in 34% of stau mutant oocytes
during stages 10b–13 (Figures 3F and 3G versus Figures
3I and 3J), and anterior localization is greatly reduced in
another 56% of the oocytes (n = 59). Thus, although it
remains possible that stau is also required at the end of
oogenesis to reposition bcd for embryogenesis, these
results establish an earlier requirement for stau in late
phase bcd localization.
Figure 3. Stau Colocalizes with bcd mRNA and Is Required for bcd
Localization in Late-Stage Oocytes
(A–D) Anterior of a live late-stage oocyte expressing MCP-RFP, bcd-
(ms2)6 mRNA, and GFP-Stau. (A) bcd*RFP (red) and (B) GFP-Stau
(green) colocalize at the anterior cortex as shown in the (C) merge.
(D) Enlargement of the anterior cortex showing particles containing
bcd*RFP and GFP-Stau.
(E–J) Fixed (E–G) wild-type and (H–J) stau mutant egg chambers ex-
pressing bcd*GFP (arrows). (E and H) Early stage 10. (F and I) Stage
10b. (G and J) Stage 11/12. bcd*GFP localization is lost by stage 10b
in stau mutant egg chambers.Microtubules Are Required for Localization
and Maintenance of bcd/Stau Complexes
Previous studies have shown that microtubule depoly-
merization results in loss of bcd localization in both
mid and late stages of oogenesis (Pokrywka and Ste-
phenson, 1991). We therefore examined the effect of mi-
crotubule depolymerization on localization of bcd/Stau
particles in late-stage oocytes. Egg chambers express-
ing bcd*RFP and GFP-Stau were dissected at stages
11–12 and were cultured in the presence of colcemid
under conditions previously shown to abolish oocyte
microtubules and ooplasmic streaming but permit pro-
gression through oogenesis (Forrest and Gavis, 2003).
Although nurse cell dumping is unaffected by colcemid
treatment, bcd*RFP and GFP-Stau entering the oocyte
from the nurse cells fail to accumulate at the anterior
and remain unlocalized throughout the remainder of oo-
genesis. Furthermore, bcd*RFP and GFP-Stau that have
accumulated at the anterior prior to colcemid addition
are released (Figures 4A–4C and Movie S4). No effect
on either bcd*RFP or GFP-Stau was detected in mock-
treated controls (Movie S5). This result, together with re-
sults presented above, suggest that association of bcd
with Stau is essential for the microtubule-dependent
localization of bcd mRNA that enters the oocyte during
nurse cell dumping. Moreover, our in vivo analysis of
bcd*RFP and GFP-Stau reveals a role for microtubules
in transport as well as in retention or maintenance of
bcd/Stau complexes at the anterior.
From stage 10b onward, oocyte microtubules form
parallel bundles at the oocyte cortex that drive ooplas-
mic streaming. Immunofluorescence experiments show-
ing enrichment of components of the g-tubulin ring com-
plex at the anterior of the oocyte at stage 10b suggest
that an additional subpopulation of microtubules may
be nucleated at the anterior cortex at the time that nurse
cells initiate dumping (Schnorrer et al., 2002). Such mi-
crotubules, if persistent through late oogenesis, could
mediate bcd localization. Using Tau-GFP as a marker
for microtubules, we detect a distinct population of mi-
crotubules in live stage 11 and stage 12 oocytes that em-
anate from the anterior cortex into the ooplasm, where
they appear to embrace the oocyte nucleus. bcd*RFP
is localized at the anterior edge of these microtubules
(Figure 4D).
Maintenance of bcd mRNA at the Anterior Cortex
at Late Stages of Oogenesis Requires the Actin
Cytoskeleton
The requirement for microtubules in late phase bcd lo-
calization distinguishes bcd from nos, whose localiza-
tion at late stages of oogenesis can occur in the absence
of microtubules (Forrest and Gavis, 2003). To determine
whether or not bcd also differs from nos in its de-
pendence on the actin cytoskeleton, we cultured egg
chambers expressing bcd*RFP in the presence of cyto-
chalasin D (cytoD) under conditions that cause partial
depolymerization of the cortical actin cytoskeleton
within the oocyte but do not affect oocyte viability and
actin-independent events like ooplasmic streaming
(see below) (Forrest and Gavis, 2003). CytoD treatment
of egg chambers dissected at stages 11–12 results in
loss of bcd*RFP from the anterior cortex of the oocyte
and the formation of RNA-containing aggregates that
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255Figure 4. Both the Microtubule and Actin Cytoskeletons Are Required for Localization of bcd/Stau Complexes
(A–C) Time-lapse imaging of bcd*RFP and GFP-Stau (shown simultaneously) in a stage 12 egg chamber cultured in medium with 50 mg/ml col-
cemid (added at t = 00). Anterior localization of particles containing bcd*RFP and GFP-Stau is lost. Nurse cell dumping continues, resulting in
growth of the oocyte (the arrow shows a change in the position of the anterior cortex).
(D) A stage 12 egg chamber expressing bcd*RFP and Tau-GFP. Microtubules labeled with Tau-GFP extend from the anterior cortex toward the
oocyte nucleus (arrowhead). bcd*RFP (arrows) is localized at or near the origin of these microtubules. Cortical bundles of microtubules are also
labeled by Tau-GFP.
(E–H) Time-lapse imaging of bcd*RFP and GFP-Stau in a stage 12 egg chamber cultured in medium with 10 mg/ml cytoD (added at t = 00). An
aggregate containing bcd*RFP and GFP-Stau (G) is swept out of the field of view with ooplasmic streaming (H).
(I–K) Egg chambers expressing bcd*RFP and GFP-actin, which labels the cortical actin cytoskeleton. (I) Live stage 11/12 egg chamber. Cortical
GFP-actin partially overlaps bcd*RFP at the anterior. (J) The egg chamber in (I) was cultured in the presence of 10 mg/ml cytoD for 94 min. The
cortical actin cytoskeleton begins to fragment, and GFP-actin ‘‘shards’’ disperse throughout the ooplasm. An aggregate of bcd*RFP colocalizes
with GFP-actin (arrow). (K) Stage 12 egg chamber cultured for 65 min in the presence of 10 mg/ml cytoD, then fixed. A confocal section through
bcd*RFP aggregates showing colocalization with GFP-actin (arrows).are swept away from the cortex by ooplasmic streaming
(Movie S6). By contrast, bcd*RFP localization is unaf-
fected in mock-treated egg chambers (Movie S5). This
requirement for the actin cytoskeleton is specific to
bcd localization in late-stage oocytes because treat-
ment of mid-stage egg chambers (stages 8–10) with
cytoD does not disrupt the association of bcd*RFP
with the anterior cortex (data not shown). Time-lapse
imaging of GFP-Stau and bcd*RFP in egg chambers
treated with cytoD shows that GFP-Stau remains asso-
ciated with bcd mRNA when anterior localization is lost,
colocalizing with bcd*RFP aggregates (Figures 4E–4H).
To further investigate the role of the actin cytoskele-
ton in bcd localization, we compared the distributions
of bcd and actin in egg chambers expressing bcd*RFP
and GFP-actin. While a portion of bcd*RFP is coincident
with GFP-actin at the anterior cortex of the oocyte, the
remainder lies more interiorly in a nonoverlapping
domain (Figure 4I). In addition, aggregates of bcd that
form upon cytoD treatment appear to contain actin (Fig-
ures 4J and 4K). Although we cannot rule out the possi-
bility that fragmented actin filaments become associ-ated with bcd aggregates after cytoD treatment, our
results suggest that bcd is linked to the actin cytoskele-
ton at the anterior cortex through an intermediary com-
ponent and remains similarly associated with frag-
mented actin filaments produced by cytoD treatment.
Interdependence of the Actin and Microtubule
Cytoskeletons
Results from the studies described above show that the
maintenance of bcd localization during late stages of
oogenesis depends on both the microtubule and actin
cytoskeletons. However, they do not distinguish whether
this maintenance function is provided by two distinct
mechanisms, one microtubule-based and the other
actin-based, or by a single mechanism that integrates
the activities of the two cytoskeletal systems. To distin-
guish between these possibilities, we assayed the effect
of disrupting one type of cytoskeletal element on the be-
havior of the other in egg chambers expressing bcd*RFP
and either GFP-actin or Tau-GFP. Colcemid treatment of
late-stage oocytes has no detectable effect on the corti-
cal actin cytoskeleton (data not shown). By contrast,
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results in release of the anterior subpopulation of oocyte
microtubules and bcd*RFP from the cortex (Movie S7).
This effect of cytoD treatment is specific to the anterior
microtubules, as ooplasmic streaming powered by corti-
cal microtubule bundles continues. Notably, the oocyte
nucleus is released from its anterodorsal position and,
along with aggregates of bcd mRNA, is swept away by
the vigorous movement of the ooplasm (Movie S7).
Microtubules released from the anterior cortex upon
cytoD treatment appear as densities around bcd RNA
aggregates (Figures 5A–5C). To elucidate the relation-
ship between actin filaments and microtubules in the
formation of bcd aggregates, we treated dissected
egg chambers expressing bcd*RFP first with cytoD to
produce aggregates (Figures 5D–5F; Movie S8) and
subsequently with colcemid (Figures 5G–5I; Movie S8).
Upon addition of colcemid to the culture medium, the
aggregates of bcd*RFP quickly dissociate into fine par-
ticles that disperse within the ooplasm. A confocal Z-se-
ries was used to confirm that the bcd aggregates have
indeed dissociated and have not simply moved out of
the imaging plane (Movie S8).
Taken together, these results provide evidence for a
single mechanism involving both microtubules and the
actin cytoskeleton. While we cannot rule out an indepen-
Figure 5. Formation of Microtubule-Dependent bcd RNA Aggre-
gates upon Actin Depolymerization
(A–C) Live stage 12 egg chamber expressing bcd*RFP and Tau-GFP
cultured for 65 min in the presence of 10 mg/ml cytoD. Microtubules
that have detatched from the anterior cortex (green, A) coalesce
around bcd aggregates (red, B) as shown in the merge (C).
(D–F) Stage 12 egg chamber expressing bcd*RFP cultured in the
presence of 10 mg/ml cytoD (added at t = 00, not shown). Autofluo-
rescent yolk granules were imaged simultaneously to monitor oo-
plasmic streaming (Movie S8). bcd*RFP forms aggregates upon
release from the anterior cortex.
(G–I) At 120 min after the addition of cytoD, the egg chamber was
treated with 50 mg/ml colcemid (t = 120/00), the focal plane was ad-
justed, and higher-power images were collected. (I) The RNA aggre-
gates dissociate and disperse into the ooplasm within 10 min of
microtubule disruption. A complete sequence and a final Z-series
are shown in Movie S8.dent function of the actin cytoskeleton in bcd localiza-
tion, evidence that the association of bcd with actin ag-
gregates is microtubule dependent is most consistent
with an indirect role for actin in anchoring or organizing
a distinct population of microtubules nucleated at the
anterior cortex that mediate bcd localization.
Dynamic Population of Localized bcd mRNA
Microtubules nucleated at the anterior cortex could
mediate bcd localization by physically tethering bcd
through stable interactions with bcd/Stau complexes.
Alternatively, association of bcd with the anterior cortex
might be transient such that maintenance requires con-
tinual microtubule-dependent transport of bcd to the
anterior. To begin to distinguish whether microtubules
function in anchoring or in transport of bcd, we first in-
vestigated whether there is turnover in the population
of bcd mRNA localized at the anterior cortex by using
fluorescence recovery after photobleaching (FRAP).
Fluorescence of bcd*RFP was inactivated in a discrete
region of the anterior cortex using high-intensity illu-
mination, and fluorescence recovery was monitored by
time-lapse imaging. These experiments targeted bcd
mRNA in stage 13 egg chambers, after nurse cell dump-
ing and ooplasmic streaming have ceased and the accu-
mulation of bcd at the anterior appears to be complete.
For comparison, we carried out similar FRAP experi-
ments with nos mRNA, which is anchored at the poste-
rior pole of the stage 13 oocyte by the actin cytoskeleton
(Forrest and Gavis, 2003; Figure 6E). Fluorescence due
to bcd recovers to w50% of its initial value, with a half
time of 9 min (Figures 6A–6D; Figure S2), indicating re-
population of bcd*RFP at the anterior cortex. By con-
trast, fluorescence of RFP-labeled nos mRNA (nos*RFP)
does not detectably recover within a similar time period
(Figures 6E–6H).
To independently confirm turnover in the population
of bcd mRNA at the anterior cortex, we performed fluo-
rescence loss in photobleaching (FLIP) analysis. A re-
gion posterior to the domain of bcd*RFP localization at
the anterior cortex was repeatedly photobleached, and
the fluorescence intensity of bcd*RFP at the anterior
cortex, outside of the bleached region, was subse-
quently measured. In these experiments, fluorescence
due to bcd decreased byw24% over a 1 hr time period,
consistent with a dynamic population of bcd at the ante-
rior cortex. Incomplete exchange of bcd in both the
FRAP and FLIP experiments may be due to photodam-
age incurred by the oocyte and/or the prolonged associ-
ation of some bcd mRNA with the cortex. However,
evidence for significant turnover of bcd in both FRAP
and FLIP studies suggests that the association of bcd
mRNA with the anterior cortex is dynamic and supports
an active role for microtubules in the recycling of bcd
mRNA to the anterior.
Dynein Motor Activity Is Required to Maintain
Localization of bcd at the Anterior Cortex
A model for the maintenance of bcd localization by active
transport on microtubules nucleated at the anterior cortex
predicts thatbcd localization in late-stage oocytes should
depend on a minus end-directed motor. We therefore
examined the effect of hypomorphic dynein heavy chain
(dhc) mutants that permit oocyte development (McGrail
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(A–D) FRAP experiment performed on a stage 13 egg chamber expressing bcd*RFP. (A) Zero time point, corresponding to the completion of pho-
tobleaching of the region indicated by the circle. (B–D) FRAP recovery period; see Figure S2 for quantitation.
(E) Posterior of a stage 13 oocyte showing localization of nos*RFP.
(F–H) FRAP experiment performed on the oocyte shown in (E). The photobleached region is indicated by the rectangle.
(I and J) Overexpression of dynamitin from the hs-Dmn transgene in a stage 11/12 egg chamber expressing bcd*RFP. The time elapsed from the
end of the heat shock period is indicated.
(K and L) Overexpression of dynamitin from the hs-Dmn transgene in a stage 12 egg chamber expressing nos*RFP.
(M–P) Time-lapse images of bcd*RFP and GFP-Stau in a stage 12 egg cultured in medium containing 10 mM vanadate (added at t = 00). bcd/Stau
complexes are released as small particles from the anterior cortex, which is similar to their behavior during colcemid treatment.and Hays, 1997) on the distribution of bcd*GFP. Anterior
accumulation of bcd*GFP is decreased or absent in
w50% of dhc mutant oocytes (n = 47) during stages 9–
13 (Figure S3); residual bcd localization is likely due to
the hypomorphic nature of these dhc mutations, which
reduce, but do not eliminate, Dhc function (MacDougall
et al., 2003). While this mutant analysis establishes a role
for dynein in bcd localization throughout oogenesis, it
does not test specifically whether maintenance of bcd
localization requires dynein. Disruption of the dynein/
dynactin complex by overexpression of the p50/dynami-
tin (Dmn) subunit of dynactin blocks bcd localization dur-
ing midoogenesis without perturbing microtubule organi-
zation (Duncan and Warrior, 2002; Januschke et al., 2002).
We therefore took advantage of a heat shock-inducible
Dmn (hs-Dmn) transgene (Duncan and Warrior, 2002) to
disrupt dynein/dynactin complex activity selectively in
late-stage oocytes in which bcd*RFP was already local-ized. After heat shock, bcd*RFP dissociates from the
anterior cortex, in a similar manner as with colcemid treat-
ment (Figures 6I and 6J). By contrast, anterior localization
of bcd*RFP is unaffected in control oocytes lacking the
hs-Dmn transgene that are subjected to the same heat
shock regimen (Figure S4). The microtubule cytoskeleton,
visualized with Tau-GFP, is not grossly altered by hs-Dmn
(data not shown). Moreover, unlike colcemid treatment,
Dmn overexpression does not displace the oocyte nu-
cleus, indicating that anterior microtubules remain intact
(Figure 6J). As an additional control, we monitored nos
mRNA, whose anchoring at the posterior pole is microtu-
bule independent (Forrest and Gavis, 2003). Overexpres-
sion of Dmn has no detectable effect on the retention of
nos*RFP at the posterior pole (Figures 6K and 6L), further
supporting a specific effect on bcd localization.
Together, these results are consistent with continual
dynein-mediated transport of bcd to the anterior.
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as a static anchor for pair rule transcripts that are local-
ized apically within the blastoderm embryo (Delanoue
and Davis, 2005). Since dynein motor activity is ATP de-
pendent, we used the ATPase inhibitor sodium orthova-
nadate (vanadate) to test whether dynein motor function
is required for retention of bcd at the anterior cortex.
Vanadate has been previously used to block dynein-
dependent transport of mRNAs in embryos (Delanoue
and Davis, 2005). Similar treatment of oocytes with van-
adate blocks two processes predicted to require ATP,
actin/myosin II-dependent nurse cell dumping and kine-
sin-dependent ooplasmic streaming (data not shown). In
addition, treatment of oocytes expressing bcd*RFP and
GFP-Stau results in the simultaneous loss of bcd and
Stau from the anterior cortex (Figures 6M–6P). These re-
sults are consistent with a requirement for dynein motor
activity in bcd localization. However, because vanadate
inhibits ATPases generally, we cannot exclude the con-
tribution of additional ATP-dependent functions in the
maintenance of bcd at the anterior cortex.
Directed Movement of Fluorescent bcd Particles
To provide further evidence that anterior localization of
bcd is maintained by continual active transport, we as-
sayed the movement of bcd*RFP particles by imaging
at high magnification and time resolution (time-lapse in-
terval of at least one frame per 1.5 s). Although we were
unable to detect bcd particles entering the oocyte from
the nurse cells during stages 10b–11, discrete particles
of bcd*RFP that showed directed movement were ob-
served in stage 12 and stage 13 oocytes, near the ante-
rior cortex (Figures 7A–7C; Movie S9). We have only
been able to follow the movement of individual particles
for short time periods (w1 min) due in part to photo-
bleaching and in part to the tendency of particles to
move out of the imaging plane. A total of 52 particles
(from 5 individual oocytes) that remained within the
imaging plane for at least 10 s were analyzed for both
direction and rate of movement (Figures 7A–7E). The
majority of these particles exhibit sustained movement
with anterior or anterolateral trajectories. Velocities of
anteriorly directed particles range from 0.06 to 0.35
mm/s, consistent with active transport. A smaller number
move laterally (0.03–0.18 mm/s) or posteriorly (0.03–0.12
mm/s), and several show complex multidirectional tra-
jectories. The predominantly directional movement of
these bcd RNA particles is distinct from the movement
of other particles at or near the cortex, including yolk
granules during ooplasmic streaming and Swa-GFP
(Stephenson, 2004; data not shown).
Discussion
Bcd patterning activity in the early embryo depends on
the efficacy of bcd mRNA localization during oogenesis
(Driever and Nu¨sslein-Volhard, 1988; Frohnho¨fer and
Nu¨sslein-Volhard, 1987). Through live imaging of bcd
mRNA fluorescently labeled in vivo, we provide direct
evidence for a distinct, late bcd localization pathway
that initiates with nurse cell dumping and is responsible
for the majority of bcd present at the anterior of the em-
bryo. Since specification of cell fates along the anterior-
posterior axis is sensitive to single changes in bcd genedosage (Driever and Nu¨sslein-Volhard, 1988), the pre-
dominant late source of localized bcd mRNA most likely
makes the primary contribution to the Bcd protein gradi-
ent. Thus, we propose that although bcd localization
also occurs during midoogenesis, the late pathway is
the relevant one for anterior-posterior patterning. We
identify a new role for Stau as a component of this path-
way and show that localization of bcd/Stau complexes
during late stages of oogenesis depends on the integrity
of a subpopulation of microtubules that are anchored at
the anterior cortex by the actin cytoskeleton. Movement
of bcdRNA particles within the oocyte is consistent with
anteriorly directed transport along these microtubules.
Moreover, our results reveal dynamic behavior of bcd
that does not fit the prevailing two-step transport and
anchoring paradigm for mRNA localization. Rather,
they support a model for steady-state localization of
bcd at the anterior cortex by continual active transport
(Figure 7F).
A Distinct Microtubule-Dependent Pathway for bcd
mRNA Localization in Late-Stage Oocytes
Evidence for microtubule-directed transport in late-
stage oocytes, when the cytoskeletal polarity thought
to underlie transport along the anterior-posterior axis
is no longer apparent, has been lacking. Indeed, previ-
ous studies have shown that posterior localization of
mRNAs like nos and osk after stage 10 does not depend
directly on microtubules, but occurs by a diffusion/trap-
ping mechanism that is facilitated by ooplasmic stream-
ing (Forrest and Gavis, 2003; Glotzer et al., 1997). In con-
trast, results presented here suggest that microtubules
emanating from the anterior cortex support transport
of bcd mRNA to the anterior. Since we have not been
able to follow the movement of bcd particles as they en-
ter the oocyte during nurse cell dumping, we cannot
eliminate the possibility that some bcd is simply trapped
by anterior microtubules as it enters, in a manner analo-
gous to trapping of nosmRNA by germ plasm at the pos-
terior. However, the requirement for microtubules, dy-
nein, and ATP to maintain bcd mRNA localization after
nurse cell dumping and ooplasmic streaming, together
with the anteriorly directed movement of bcd particles
near the anterior cortex, implicates these microtubules
in active transport of bcd. Although ooplasmic stream-
ing is capable of distributing mRNA localization com-
plexes to the posterior pole, we do not detect bcd parti-
cles in the posterior half of the oocyte. Thus, bcd must
associate rapidly with these anterior microtubules
upon entry into the oocyte. In the early embryo, nearly
all bcd mRNA resides at the anterior cortex, whereas
only a small fraction of nos mRNA is localized at the
posterior pole (Bergsten and Gavis, 1999). The existence
of a microtubule-dependent pathway specific for ante-
rior transport in late-stage oocytes could account for
the dramatic difference in the efficiencies with which
bcd and nos mRNAs are localized.
Anterior microtubules that mediate bcd mRNA local-
ization in late-stage oocytes are most likely nucleated
by a MTOC formed at the anterior cortex during stage
10. Analysis of mutants g-Tub37C and Dgrip-75 impli-
cate this MTOC in the transition of bcd mRNA from its
ring-like distribution in stages 8–9 to a disc-like distri-
bution in stage 10 (Schnorrer et al., 2002). Previously
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259Figure 7. Movement of bcd RNA Particles
(A–C) High-power images of regions near the anterior (oriented to the left) of stage 13 oocytes expressing bcd*RFP. (C) Corresponds to Movie S9.
Moving particles were tracked for (A) 65 s, (B) 36 s, or (C) 40 s, and trajectories are plotted on the initial frame from each time series. The positions
of particles in the initial frame are indicated by open circles, and positions in the final frame are indicated by the tip of the arrows. Dots indicate
positions at (A) 15 s, (B) 9 s, and (C) 10 s intervals. Particles with fewer time points shown entered the field later or left the field earlier than particles
with more time points shown. Examples of anterior/anterolateral movement are shown in green, lateral movement in yellow, posterior movement
in blue, and multidirectional movement in orange.
(D) Tabulated data for 52 particles from 5 independent oocytes. The anterior category includes particles with anterior and anterolateral trajec-
tories.
(E) A graph plotting the velocity for each particle in the anterior, lateral, and posterior categories in (D).
(F) Model for bcd mRNA localization in late-stage oocytes. bcd RNPs are coupled to dynein motor complexes (a) and are transported to the
anterior (b) on a specialized population of microtubules anchored to the actin cytoskeleton. Association of bcd RNPs with the anterior cortex
(c) is transient. After dissociating from the cortex (d), bcd RNPs can be reloaded onto dynein motors (e) for additional rounds of transport (f).
Kinesin may recycle dynein (g) for continued transport, as suggested by their interdependence during midoogenesis (Duncan and Warrior,
2002; Januschke et al., 2002).
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260localized bcd mRNA is subsequently released from the
anterior cortex in g-Tub37C and Dgrip-75 mutants dur-
ing nurse cell dumping, whereas other microtubule-
dependent processes, such as ooplasmic streaming,
are unaffected. These defects suggest that a specific
reorganization of microtubules at the anterior cortex is
responsible for maintaining bcd localization, while the
majority of microtubules are reorganized for ooplasmic
streaming.
Microtubules present at the anterior cortex in late-
stage oocytes are distinct from microtubules that medi-
ate bcd mRNA localization during midoogenesis and
from cortical microtubules that mediate ooplasmic
streaming by their dependence on the actin cytoskele-
ton. Our results suggest that association with the actin
cytoskeleton enables microtubules nucleated from the
anterior MTOC during stage 10 to survive the dramatic
changes in the oocyte that occur with nurse cell dump-
ing and ooplasmic streaming and persist to later stages.
These microtubules serve multiple functions in late-
stage oocytes, as their selective perturbation disrupts
both bcd mRNA localization and oocyte nucleus posi-
tioning.
Localization of bcd mRNA during mid- and late oo-
genesis can also be distinguished by a requirement for
Stau. Stau participates in both the transport and anchor-
ing of osk mRNA during midoogenesis, and Stau homo-
logs have been implicated in microtubule-dependent
transport of mRNAs in mammalian hippocampal neu-
rons and Xenopus oocytes (Kloc and Etkin, 2005; St
Johnston, 2005). This evidence, together with the pres-
ence of Stau in neuronal RNA granules (Kanai et al.,
2004; Mallardo et al., 2003), suggests a common func-
tion for Stau in coupling mRNAs to motor proteins for
transport. We show that Stau’s function in bcd mRNA
localization is not limited to anchoring bcd during the
transition from oogenesis to embryogenesis as previ-
ously thought (Ferrandon et al., 1994; St Johnston
et al., 1989); rather, Stau plays an important role from
the onset of nurse cell dumping. Although the stau mu-
tant used in our experiments is a null allele (Ramos
et al., 2000), bcd mRNA localization is not completely
eliminated in all staumutant oocytes. Similarly, posterior
localization of osk mRNA is greatly reduced, but it is not
abolished in stau null mutant oocytes (van Eeden et al.,
2001). It is possible that bcdmRNA localized during mid-
oogenesis can persist at the anterior cortex in the ab-
sence of Stau. Alternatively, an as yet unidentified factor
could act redundantly with Stau in late bcd localization.
Redundant recognition elements are indeed present
within the bcd mRNA localization signal (Macdonald
and Kerr, 1997).
Colocalization of Stau in particles with bcd mRNA
suggests that it is an integral component of a bcd local-
ization RNP. Individual bcd RNA particles that exhibit
directional movement range in size from 0.3 to 1 mm, in-
dicating that they consist of multiple mRNA and protein
molecules. These particles are similar in size to the par-
ticles that form after injection of synthetic bcd 30UTR
RNA into embryos and become associated with astral
microtubules. Formation of bcd 30UTR particles requires
Stau as well as intermolecular interactions between two
or more bcd 30UTRs (Ferrandon et al., 1994, 1997). Sim-
ilar assembly of large particles through interactionsamong bcd mRNA molecules during oogenesis would
enable Stau, or another factor, to couple many bcd mol-
ecules to a single dynein motor. Concurrent transport of
multiple mRNAs may contribute to the efficiency of bcd
localization.
A Dynamic Model for Maintenance of Localized
mRNA by Continual Active Transport
Current models for mRNA localization invoke indepen-
dent transport and anchoring steps. Evidence for distinct
steps comes from the differential effects of cytoskeletal
inhibitors applied during and after translocation of RNAs
to their destinations. In this manner, a kinesin- and mi-
crotubule-dependent transport step is paired with an
actin-dependent anchoring step for localization of Vg1
and osk mRNAs, whereas a dynein- and microtubule-
dependent transport step is paired with a dynein-depen-
dent anchoring step for Drosophila pair-rule transcripts
(Delanoue and Davis, 2005; St Johnston, 2005). Our re-
sults indicate that bcd localization does not fit neatly
into this two-step model. FRAP and FLIP experiments
show turnover in the population ofbcdmRNA at the ante-
rior cortex even after dumping and streaming have ended
and accumulation is maximal. This turnover suggests
that bcd/Stau RNPs transported to the anterior cortex
are unable to make stable associations with cortical com-
ponents. Upon release from dynein, bcd/Stau RNPs may
interact transiently with the cortex or may be released di-
rectly into the ooplasm, where they are reloaded onto
dynein for another round of transport (Figure 7F). Contin-
ual active transport may be critical for anterior localiza-
tion of mRNAs like bcd, which occurs at a time when
the rapid growth and movement of the oocyte cortex
may inhibit or delay the establishment of a static anchor-
ing mechanism. It will now be of interest to determine
whether other localized mRNAs, particularly those in
cell types that undergo rapid morphological changes
such as migrating growth cones, behave similarly to bcd.
Experimental Procedures
Fly Strains
The following mutants and transgenic lines were used: y w67c23
(Lindsley and Zimm, 1992), bcdE1 (Frohnho¨fer and Nu¨sslein-Volhard,
1986), stauD3 (St Johnston et al., 1991), Dhc6-10 and Dhc6-12 (Gepner
et al., 1996), hsp83-MCP-GFP and nos-(ms2)6 (Forrest and Gavis,
2003), UASp2-GFP-actin (Kelso et al., 2002), GAL4::VP16-nos.UTR
(Van Doren et al., 1998), Tau-GFP (Micklem et al., 1997), GFP-Stau
(Schuldt et al., 1998), hsp70>Dmn (Duncan and Warrior, 2002).
Construction of Transgenes and Transgenic Lines
The bcd-(ms2)6 transgene is based on pCaSbcdE, which contains
an 8.7 kb EcoRI genomic bcd rescue fragment in the CaSpeR P ele-
ment vector (Berleth et al., 1988). A 400 bp EcoRI-EcoRV fragment
with six copies of the ms2 stem-loop binding site was isolated
from pSL-MS2-6 (Bertrand et al., 1998), end filled, and inserted
into an end-filled MluI site in the bcd 30UTR sequences to generate
pCaSbcd-(ms2)6. The hsp83-MCP-RFP transgene is identical to
hsp83-MCP-GFP (Forrest and Gavis, 2003), except that EGFP was
replaced by monomeric RFP (mRFP1) (Campbell et al., 2002).
Transgenes were introduced into the y w67c23 strain by P element-
mediated germline transformation (Spradling, 1986), and multiple
independent transgenic lines were isolated. To facilitate analysis,
chromosomes carrying twobcd-(ms2)6 insertions were generated by
recombination or by local P element transposition; also, bcd-(ms2)6,
MCP-RFP and bcd-(ms2)6, MCP-GFP recombinant chromosomes
were generated. Use of MCP-RFP eliminates background autofluor-
escence of yolk granules in live oocytes caused by GFP excitation
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261wavelengths. Thus, for inhibitor, FRAP, and particle tracking experi-
ments as well as for colocalization studies, three copies of the bcd-
(ms2)6 transgene were used in combination with one copy of MCP-
RFP. Since two copies of bcd-(ms2)6 are sufficient for visualization
with MCP-GFP, however, labeling with MCP-GFP simplifies genetic
manipulations required for analysis of bcd in mutant backgrounds.
Manipulation of Egg Chambers and Confocal Imaging
Ovaries from well-fed females were dissected in Schneider’s insect
culture medium (GIBCO-BRL), and individual egg chambers were
separated from ovarioles by using tungsten needles. For immediate
live imaging, egg chambers were mounted in Schneider’s medium
on glass slides and were covered with a #1.5 glass coverslip (Corn-
ing). For the analysis of bcd*GFP in stau mutant oocytes, yolk auto-
fluorescence was reduced by fixation for 15 min in electron micros-
copy grade formaldehyde (Polysciences), 4% in PBS. After fixation,
egg chambers were washed several times and mounted in PBS. For
time-lapse imaging and inhibitor treatment, egg chambers were
transferred to uncoated #1.5 glass-bottom culture dishes (MatTek)
containing 200 ml Schneider’s medium and were covered with a
1 mm2 coverslip cut from a #1.5 glass coverslip (Corning). For inhib-
itor treatment, either colcemid or cytochalasin D, each in 100%
ETOH, was added directly to the medium as described by Forrest
and Gavis (2003). Latrunculin A was used at a final concentration
of 0.5 mM. For mock-treated controls, an equivalent amount of
100% ETOH was added. Sodium orthovanadate (Sigma) was pre-
pared in water and added to the medium after mounting at a final
concentration of 10 mM (Delanoue and Davis, 2005). For heat shock
induction of hsp70>Dmn, egg chambers were mounted as de-
scribed above, and a pre-heat shock image was collected. The
culture dish was then incubated for 40 min in a covered chamber
of water equilibrated to 37C on a hot plate. Time-lapse imaging
was initiated after heat shock.
All images were collected with a Zeiss LSM 510, except for those
shown in Figures 3A–3D, which were collected during a demonstra-
tion of the Zeiss LSM 510 Meta system. Images were acquired by
using C-Apochromat 403/1.2W and C-Apochromat 633/1.2W ob-
jectives. For time-lapse imaging, RFP and GFP signals were col-
lected sequentially by channel in line mode.
To quantify accumulation of bcd at the anterior cortex, individual
egg chambers were cultured as described above, and fluorescence
intensity at the anterior cortex was measured at the brightest optical
section, first at stage 10b and then at stage 12. The relative increase
in bcd at the anterior cortex was estimated by comparing the values
for the two time points after correction for background fluorescence
and is likely to be an underestimate because the surface area of the
cortex over which bcd is localized increases during this time.
FRAP and FLIP Analysis
Individual stage 13 oocytes were mounted in glass-bottom dishes as
described above. For FRAP experiments, each oocyte was imaged at
543 nm for 5 min using a 633 objective. The condenser was then
closed, and a small region at the anterior (bcd) or posterior (nos) cor-
tex was photobleached for 5 min with white light from a mercury
lamp. The shutter was reopened, and the RFP signal was monitored
by using settings identical to those used for prebleach collection.
Similar results were obtained by photobleaching for 5–10 min with
a 543 nm laser using the Zeiss LSM 510 Edit ROI tool. In either
case, the mean fluorescence of the bleached region was corrected
for background and total loss of fluorescence during image collec-
tion and was normalized to 100% for the initial fluorescence. Data
for bcd were plotted using Prism4.0 (Graphpad Software) and were
fitted with a single exponential association equation (Figure S2).
For FLIP experiments, the Edit ROI tool was used to demarcate
a region immediately posterior to the domain of localized bcd*RFP.
The demarcated region was photobleached for 5 min, after which
the anterior cortex was imaged. Photobleaching and imaging were
repeated over a 1 hr period, and the mean fluorescence of bcd*RFP
at the anterior cortex was determined.
Analysis of Particle Movement
Live egg chambers were dissected and mounted on glass slides in
Schneider’s medium and were covered with a 22 mm2 square #1.5
glass coverslip (Corning). A region near the anterior cortex was de-
fined using the Zeiss LSM 510 Edit ROI tool, and bcd*RFP was mon-itored by time-lapse imaging at 1.5 s intervals. Particles that re-
mained visible for at least 10 s without leaving the focal plane
were tracked manually every 8–11 frames, using Zeiss LSM 510 soft-
ware. Trajectories were mapped from the first frame where move-
ment was detected, using the coordinates determined from individ-
ual frames. The velocity for an individual particle represents an
average rate determined by dividing the time of transit between
the first and last coordinates monitored by the distance traveled.
Supplemental Data
Supplemental Data include Figures S1–S3 and Movies S1–S9 and
are available at http://www.developmentalcell.com/cgi/content/
full/11/2/251/DC1/.
Acknowledgments
We are grateful to L. Cooley, T. Hays, D. St Johnston, R. Warrior,
M. Welte, and E. Wieschaus for fly stocks; J. Goodhouse for assis-
tance with confocal microscopy; and I. Clark, F. Hughson, and
E. Wieschaus for comments on the manuscript. This work was sup-
ported by a grant from the National Institutes of Health (GM067758).
Received: February 8, 2006
Revised: May 22, 2006
Accepted: June 20, 2006
Published: August 7, 2006
References
Bergsten, S.E., and Gavis, E.R. (1999). Role for mRNA localization
in translational activation but not spatial restriction of nanos RNA.
Development 126, 659–669.
Berleth, T., Burri, M., Thoma, G., Bopp, D., Richstein, S., Frigerio, G.,
Noll, M., and Nu¨sslein-Volhard, C. (1988). The role of localization of
bicoid RNA in organizing the anterior pattern of the Drosophila
embryo. EMBO J. 7, 1749–1756.
Bertrand, E., Chartrand, P., Schaefer, M., Shenoy, S.M., Singer, R.H.,
and Long, R.M. (1998). Localization of ASH1 mRNA particles in living
yeast. Mol. Cell 2, 437–445.
Campbell, R.E., Tour, O., Palmer, A.E., Steinbach, P.A., Baird, G.S.,
Zacharias, D.A., and Tsien, R.Y. (2002). A monomeric red fluorescent
protein. Proc. Natl. Acad. Sci. USA 99, 7877–7882.
Cha, B.J., Koppetsch, B.S., and Theurkauf, W.E. (2001). In vivo anal-
ysis ofDrosophila bicoid mRNA localization reveals a novel microtu-
bule-dependent axis specification pathway. Cell 106, 35–46.
Clark, I., Giniger, E., Ruohola-Baker, H., Jan, L.Y., and Jan, Y.N.
(1994). Transient posterior localization of a kinesin fusion protein re-
flects anteroposterior polarity of theDrosophila oocyte. Curr. Biol. 4,
289–300.
Delanoue, R., and Davis, I. (2005). Dynein anchors its mRNA cargo
after apical transport in the Drosophila blastoderm embryo. Cell
122, 97–106.
Driever, W., and Nu¨sslein-Volhard, C. (1988). The bicoid protein
determines position in the Drosophila embryo in a concentration-
dependent manner. Cell 54, 95–104.
Duncan, J.E., and Warrior, R. (2002). The cytoplasmic Dynein and Ki-
nesin motors have interdependent roles in patterning theDrosophila
oocyte. Curr. Biol. 12, 1982–1991.
Ephrussi, A., Dickinson, L.K., and Lehmann, R. (1991). oskar orga-
nizes the germ plasm and directs localization of the posterior deter-
minant nanos. Cell 66, 37–50.
Ferrandon, D., Elphick, L., Nu¨sslein-Volhard, C., and St Johnston, D.
(1994). Staufen protein associates with the 30UTR of bicoid mRNA to
form particles that move in a microtubule-dependent manner. Cell
79, 1221–1232.
Ferrandon, D., Koch, I., Westhof, E., and Nu¨sslein-Volhard, C. (1997).
RNA-RNA interaction is required for the formation of specific bicoid
mRNA 30UTR-STAUFEN ribonucleoprotein particles. EMBO J. 16,
1751–1758.
Developmental Cell
262Forrest, K.M., and Gavis, E.R. (2003). Live imaging of endogenous
mRNA reveals a diffusion and entrapment mechanism for nanos
mRNA localization in Drosophila. Curr. Biol. 13, 1159–1168.
Frohnho¨fer, H.G., and Nu¨sslein-Volhard, C. (1986). Organization of
the anterior pattern in the Drosophila embryo by the maternal gene
bicoid. Nature 324, 120–125.
Frohnho¨fer, H.G., and Nu¨sslein-Volhard, C. (1987). Maternal genes
required for the anterior localization of bicoid activity in the embryo
of Drosophila. Genes Dev. 1, 880–890.
Gavis, E.R., and Lehmann, R. (1992). Localization of nanos RNA con-
trols embryonic polarity. Cell 71, 301–313.
Gepner, J., Li, M., Ludmann, S., Kortas, C., Boylan, K., Iyadurai, S.J.,
McGrail, M., and Hays, T.S. (1996). Cytoplasmic dynein function is
essential in Drosophila melanogaster. Genetics 142, 865–878.
Glotzer, J.B., Saffrich, R., Glotzer, M., and Ephrussi, A. (1997). Cyto-
plasmic flows localize injected oskar RNA in Drosophila oocytes.
Curr. Biol. 7, 326–337.
Gutzeit, H.O. (1986). The role of microtubules in the differentiation of
ovarian follicles during vitellogenesis in Drosophila. W. Roux’s Arch.
Dev. Biol. 195, 173–181.
Januschke, J., Gervais, L., Dass, S., Kaltschmidt, J.A., Lopez-Schier,
H., St Johnston, D., Brand, A.H., Roth, S., and Guichet, A. (2002).
Polar transport in theDrosophila oocyte requires Dynein and Kinesin
I cooperation. Curr. Biol. 12, 1971–1981.
Januschke, J., Gervais, L., Gillet, L., Keryer, G., Bornens, M., and
Guichet, A. (2006). The centrosome-nucleus complex and microtu-
bule organization in the Drosophila oocyte. Development 133,
129–139.
Kanai, Y., Dohmae, N., and Hirokawa, N. (2004). Kinesin transports
RNA: isolation and characterization of an RNA-transporting granule.
Neuron 43, 513–525.
Kelso, R.J., Hudson, A.M., and Cooley, L. (2002). Drosophila Kelch
regulates actin organization via Src64-dependent tyrosine phos-
phorylation. J. Cell Biol. 156, 703–713.
Kim-Ha, J., Smith, J.L., and Macdonald, P.M. (1991). oskar mRNA is
localized to the posterior pole of the Drosophila oocyte. Cell 66,
23–35.
Kloc, M., and Etkin, L.D. (2005). RNA localization mechanisms in
oocytes. J. Cell Sci. 118, 269–282.
Lindsley, D.L., and Zimm, G.G. (1992). The Genome of Drosophila
melanogaster (San Diego: Academic Press, Inc.).
Lopez de Heredia, M., and Jansen, R.P. (2004). mRNA localization
and the cytoskeleton. Curr. Opin. Cell Biol. 16, 80–85.
Macdonald, P.M., and Kerr, K. (1997). Redundant RNA recognition
events in bicoid mRNA localization. RNA 3, 1413–1420.
MacDougall, N., Clark, A., MacDougall, E., and Davis, I. (2003).
Drosophila gurken (TGFa) mRNA localizes as particles that move
within the oocyte in two dynein-dependent steps. Dev. Cell 4, 307–
319.
Mallardo, M., Deitinghoff, A., Muller, J., Goetze, B., Macchi, P., Pe-
ters, C., and Kiebler, M.A. (2003). Isolation and characterization of
Staufen-containing ribonucleoprotein particles from rat brain.
Proc. Natl. Acad. Sci. USA 100, 2100–2105.
Martin, S.G., Leclerc, V., Smith-Litiere, K., and St Johnston, D.
(2003). The identification of novel genes required for Drosophila an-
teroposterior axis formation in a germline clone screen using GFP-
Staufen. Development 130, 4201–4215.
McGrail, M., and Hays, T.S. (1997). The microtubule motor cytoplas-
mic dynein is required for spindle orientation during germline cell di-
visions and oocyte differentiation in Drosophila. Development 124,
2409–2419.
Micklem, D.R., Dasgupta, R., Elliot, H., Gergely, F., Davidson, C.,
Brand, A., Gonza´lez-Reyes, A., and St Johnston, D. (1997). The
mago nashi gene is required for the polarization of the oocyte and
the formation of perpendicular axes in Drosophila. Curr. Biol. 7,
468–478.
Neuman-Silberberg, F.S., and Schu¨pbach, T. (1993). The Drosophila
dorsoventral patterning gene gurken produces a dorsally localized
RNA and encodes a TGFa-like protein. Cell 75, 165–174.Pokrywka, N.J., and Stephenson, E.C. (1991). Microtubules mediate
the localization of bicoid RNA during Drosophila oogenesis. Devel-
opment 113, 55–66.
Ramos, A., Grunert, S., Adams, J., Micklem, D.R., Proctor, M.R.,
Freund, S., Bycroft, M., St Johnston, D., and Varani, G. (2000).
RNA recognition by a Staufen double-stranded RNA-binding do-
main. EMBO J. 19, 997–1009.
Riechmann, V., and Ephrussi, A. (2004). Par-1 regulates bicoid
mRNA localization by phosphorylating Exuperantia. Development
131, 5897–5907.
Schnorrer, F., Luschnig, S., Koch, I., and Nu¨sslein-Volhard, C. (2002).
g-Tubulin37C and g-tubulin ring complex protein 75 are essential for
bicoid RNA localization during Drosophila oogenesis. Dev. Cell 3,
685–696.
Schuldt, A.J., Adams, J.H., Davidson, C.M., Micklem, D.R., Haseloff,
J., St Johnston, D., and Brand, A.H. (1998). Miranda mediates asym-
metric protein and RNA localization in the developing nervous sys-
tem. Genes Dev. 12, 1847–1857.
Spradling, A.C. (1986). P element-mediated transformation. In Dro-
sophila: A Practical Approach, D.B. Roberts, ed. (Oxford: IRL Press),
pp. 175–197.
Spradling, A.C. (1993). Developmental genetics of oogenesis. In The
Development of Drosophila melanogaster, M. Bate and A. Martinez
Arias, eds. (Cold Spring Harbor, NY: Cold Spring Harbor Press), pp.
1–70.
St Johnston, D. (2005). Moving messages: the intracellular localiza-
tion of mRNAs. Nat. Rev. Mol. Cell Biol. 6, 363–375.
St Johnston, D., Driever, W., Berleth, T., Richstein, S., and Nu¨sslein-
Volhard, C. (1989). Multiple steps in the localization of bicoid RNA to
the anterior pole of the Drosophila oocyte. Dev. Suppl. 107, 13–19.
St Johnston, D., Beuchle, D., and Nu¨sslein-Volhard, C. (1991). stau-
fen, a gene required to localize maternal RNAs in theDrosophila egg.
Cell 66, 51–63.
Stephenson, E.C. (2004). Localization of Swallow-Green Fluorescent
Protein in Drosophila oogenesis and implications for the role of
Swallow in RNA localization. Genesis 39, 280–287.
Theurkauf, W.E., Smiley, S., Wong, M.L., and Alberts, B.M. (1992).
Reorganization of the cytoskeleton during Drosophila oogenesis:
implications for axis specification and intercellular transport. Devel-
opment 115, 923–936.
Van Doren, M., Williamson, A.L., and Lehmann, R. (1998). Regulation
of zygotic gene expression inDrosophila primordial germ cells. Curr.
Biol. 8, 243–246.
van Eeden, F.M.J., Palacios, I.M., Petronczki, M., Weston, M.J.D.,
and St Johnston, D. (2001). Barentsz is essential for the posterior
localization of oskar mRNA and colocalizes with it to the posterior
pole. J. Cell Biol. 154, 511–523.
Wang, C., and Lehmann, R. (1991). Nanos is the localized posterior
determinant in Drosophila. Cell 66, 637–647.
